An antibiotic substance isolated from Pseudomonas fluorescens strain G308 was earlier assigned the structure of N-mercapto-4-formylcarbostyril, but computational predictions of the 1 H and 13 C NMR magnetic shielding tensors show this structure to be incompatible with the published spectroscopic data. The same is true for six quinoline derivatives related to N-mercapto-4-formylcarbostyril by permutation of the O and S atoms. In contrast, 2-(2-hydroxyphenyl)thiazole-4-carbaldehyde [aeruginaldehyde], isolated from Pseudomonas protegens Pf-5, together with the reduced derivative aeruginol, displays spectroscopic data identical with those of the alleged carbostyril derivative. In addition, the published 1 H and 13 C NMR data are in agreement with those calculated for aeruginaldehyde. We propose that aeruginaldehyde and aeruginol originate from the non-ribosomal peptide synthetase enzymes involved in the siderophores enantio-pyochelin (or pyochelin) biosynthetic pathways.
The original structural assignment was based primarily on data from 1 H and 13 C NMR spectroscopy recorded in (CD 3 ) 2 CO and from the 1 H NMR data alone it can be concluded that the antibiotic substance contains four aromatic protons (δ = 7.05, 7.12, 7.48 and 7.95 ppm) as an ABCD system, an aldehyde group (δ = 10.1 ppm) and a proton attached to an unsaturated system (δ = 8.65 ppm). In addition to these, a broad signal (δ = 11.55 ppm) attributed to the SH proton was observed. These assignments were found to be compatible with the 13 C NMR, COSY, HSQC, and HMQC data. Finally, data from high resolution mass spectrometry (LC-HRES + /MS) showed that the antibiotic substance had the composition C 10 H 7 NO 2 S. Thus, the spectroscopic data would at first glance seem to be in agreement with 1, but they do not exclude other structures, as we shall see below. Acetylation with acetic acid anhydride and pyridine gave rise to a compound lacking the alleged SH proton and was consequently formulated as the S-acetylated carbostyril derivative. However, no details were presented and the m/z value was erroneously reported as 248 for the molecular ion M + . Clearly this value refers to the pseudo-molecular ion [M+H] + .
In order to shed further light on this problem, we initiated a computational study with the aim of predicting the 1 H and 13 C NMR magnetic shielding tensors for 1. In the case that 1 is indeed the correct structure, a linear correlation between the theoretical and the experimental data would be expected. This approach has been used successfully in other areas of natural products chemistry [15] [16] [17] . The theoretical data in this work were obtained by DFT calculations at the B3LYP 6-311++G(2df,pd) level of theory with solvation being treated by the IEFPCM approach; the NMR magnetic shielding tensors were obtained by the GIAO method. The validity of the approach in the present context was examined for three test compounds, 1-naphthaldehyde, quinoline-4-carbaldehyde and nicotinaldehyde having structural features in common with 1 and it was found that the theoretical data for the three compounds were in good agreement with those observed experimentally (Figures S1-S6). A plot of the experimental data for the alleged 1 obtained in (CD 3 ) 2 CO [1] vs. the theoretical data for 1 is shown in Figure 2 and it is immediately seen that the agreement between the two data sets is poor and far from the good agreement between the experimental and theoretical data for the three test compounds. This supports the view expressed earlier [14] that 1 cannot possibly be the compound originally isolated. With this result at hand we extended the computational work to include six C 10 H 7 NO 2 S quinolines structurally related to 1, at this stage taking it for granted that the antibiotic substance was indeed a quinoline derivative. In fact, we have earlier reported that quinoline derivatives with siderophore activity (thioquinolobactin and quinolobactin) are produced by Pseudomonas fluorescens ATCC 17400 [18] [19] [20] and the importance of quinolines as quorum sensing molecules in other Pseudomonas sp. and in Burkholderia sp. have been discussed in detail by other authors [21] [22] [23] .
The six compounds considered were 1-hydroxy-2-thioxo-1,2dihydroquinoline-4-carbaldehyde (2), 1-hydroxy-2-oxo-1,2dihydroquinoline-4-thiocarbaldehyde (3), the S-oxides of 2 and 3, 2thioxo-1,2-dihydroquinoline-4-carbaldehyde-S-oxide (4Z and 4E) and 2-oxo-1,2-dihydroquinoline-4-thiocarbaldehyde-S-oxide (5Z and 5E), related to 1 by permutation of the two O atoms and the S atom, respectively. Admittedly, a thioaldehyde such as 3 might not be sufficiently stable to endure the isolation procedure, but examples of thioaldehydes are indeed known [24] . Amide S-oxides on the other hand are well known, e.g. thionicotinamide S-oxide, for which the assignment was supported by X-ray crystal structure determination [25] , and the antibiotic sulfinemycin from Streptomyces albus [26] . For these reasons 3 and 4 were included in the computational work, together with 2 and 5. However, neither of these compounds produced theoretical NMR data compatible with the experimental ones (See Tables S3-S12 and Figures S7-S16) and, 
accordingly, can be ruled out as candidates for the structure of the compound isolated from P. fluorescens strain G308. Thus, from the computational results it appears safe to conclude not only that the compound originally isolated is not 1, but also that its structure is not even closely related to 1.
During the course of the computational work we discovered that a compound having the same physico-chemical data as those reported for the alleged 1 was produced by the Pseudomonas protegens (formerly P. fluorescens) Pf-5 gacS mutant. In P. protegens Pf-5, the GacA/GacS two component system is a global regulator of its secondary metabolism. The production of most of the secondary metabolites is positively regulated by this system, except for the siderophores, pyoverdine and enantio-pyochelin (6) [27] . When analyzing the metabolites produced by a gacS mutant grown on M9 minimal medium we found two isoforms of enantio-pyochelin, together with two other compounds that in LC-MS showed signals at [M+H] + = 206 m/z and 208 m/z, respectively, and both exhibiting the same isotopic pattern as that reported for the alleged 1. When the same protocol was applied to the P. protegens Pf-5 enantiopyochelin null mutant (pchDEF genes were in frame deleted, this study), the two isoforms of enantio-pyochelin and the two compounds with [M+H] + = 206 m/z and 208 m/z were all absent. This strongly indicates that the two latter compounds are byproducts in the enantio-pyochelin biosynthetic pathway. In P. aeruginosa that produces pyochelin (7) the two acids aeruginoic acid (8) and dihydroaeruginoic acid (9) were found as byproducts in the pyochelin biosynthetic pathway [28, 29] .
Thus, we suggest that the two byproducts of the enantio-pyochelin biosynthesis are aeruginaldehyde (10) and aeruginol (11) and that 10 is indeed the compound originally isolated from the P. fluorescens strain G308, which was reported to produce pyochelin as well [1] .
Aeruginaldehyde (10) is a well-known natural product that earlier has been isolated from Pseudomonas cepacia (now Burkholderia cepacia) strain 59d [30] and is formed also by methanolysis of the zinc-complex of enantio-pyochelin isolated from P. protegens (fluorescens) Pf-5 [31] . Recently 10 (termed IQS) was described as a fourth quorum sensing molecule in P. aeruginosa [32] . Also, 10
Aeruginaldehyde from Pseudomonas fluorescens Natural Product Communications Vol. 9 (6) 2014 791 (6), pyochelin (7), aeruginoic acid (8) and (S)-dihydroaeruginoic acid (9) . has been prepared in a number of cases by straightforward organic synthesis typically by using 2-hydroxybenzonitrile as the starting material. Reaction with hydrogen sulfide afforded 2hydroxythiobenzamide that subsequently was converted to 2-(2hydroxyphenyl)thiazole-4-carbaldehyde dimethylacetal by reaction with 3-bromo-1,1-dimethoxypropan-2-one; treatment with acid finally gave 10 [30] . Another route included as the first step the reaction between 2-hydroxybenzonitrile and L-cysteine. The resulting methyl 2-(2-hydroxyphenyl)-2-thiazoline-4-carboxylate could be reduced to 2-(2-hydroxyphenyl)-4-hydroxymethyl-2thiazoline, which upon Swern oxidation afforded 10 [33, 34] . For the sake of completeness, it should be mentioned also that LiAlH 4 reduction of the corresponding Weinreb amide at -60 o C produced 10. However, it was neither characterized nor isolated since it was reported as being labile under the reaction conditions [35] . Finally, a recent strategy including Suzuki coupling of 2hydroxyphenylboronic acid with 2-bromothiazole-4-carbaldehyde has been reported [36] . As a result of all these efforts the spectroscopic properties of 10 are well established.
The 1 H NMR data for 10, including our own, as well as that reported in [1] , and reassigned by us, are summarized in Table 1 . The resemblance of the data for 10 and the alleged 1 recorded in (CD 3 ) 2 CO is evident, and our own data recorded in CDCl 3 also compare favorably with those reported by others. The quality of the 13 C NMR data presently available for 10 is in general not as high as that for the 1 H NMR data, but still they support the structure of 10.
(See Table S13 for details).
In addition, the position of the UV spectral bands for the alleged 1 are virtually identical to those reported for 10, except for the first short wavelength band [30] [31] [32] that vary somewhat depending on the conditions such as the solvent (phosphate buffer/CH 3 CN [1], MeOH [30] , EtOH [31] ) and the sample purity. This discrepancy is even more pronounced for the IR absorption bands observed in KBr [30] . However, the original data [1] lacks information as to the mode of recording, whether in solution or in KBr.
The structure of 11 was easily deduced from the 1 H NMR spectrum [37] and the assignment is further supported by the agreement between the experimental and theoretical data (See Figs. S19-S20). (10) , and (last column) the antibiotic substance isolated from the P. fluorescens strain G308 [1] . Figure 6 : Experimental data [1] for the antibiotic substance vs. the theoretical 1 H NMR (A) and 13 C NMR (B) data for 10 (aeruginaldehyde), in both cases in acetone as the solvent. The theoretical data in both cases are Boltzmann averages of the data for the two conformers (see Tables S14-S15 for the relative energies in vacuum and in acetone). The strongly solvent dependent SH signal was excluded from plot A. The Our suggestion that the compound originally isolated from P. fluorescens strain G308 is indeed 10 and not 1 is further supported by the fact that the NMR data computed for 10 are in good agreement with the experimental data reported [1] , as shown in Figure 6 for data obtained in (CD 3 ) 2 CO. Also, the experimental NMR data for 10 recorded in CDCl 3 correlate linearly with the theoretical data (See Figs. S17-S18).
It should be mentioned that the isomer of 11, 2-(2-hydroxyphenyl)-4,5-dihydrothiazole-4-carbaldehyde, is inherently unstable, even to the extent that an NMR spectrum cannot be obtained [38] and it has, therefore, when used as a reagent, to be subjected immediately to further reaction [39] . For these reasons this compound was not considered further.
Enantio-pyochelin (6) consists of 3 parts, salicylic acid, which is synthesized by PchA and PchB from chorismate, a thiazoline ring, which results from the condensation of one L-cysteine molecule by PchE, and a thiazole ring, which is formed by the condensation of another L-cysteine molecule by PchF and reduced by the NADPHdependent reductase enzyme PchK (Figure 7 ) [28, 31, 40, 41] . The thiazoline ring is formed by the condensation domain of the PchE and PchF NRPS (non-ribosomal peptide synthetase), which carries the three functions of amide-bond formation, cyclization, and dehydration [40] . We assume that (S)-dihydroaeruginoic acid (9) is synthesized by the enantio-pyochelin biosynthetic machinery and is released by the condensation domain of PchE, in analogy with the described occurrence in P. aeruginosa [42] . P. fluorescens strain PFM2 is known to produce 9, which is slowly oxidized to 8 when kept in air [43] . Loss of water from 9 may produce 10, which in turn may give rise to 11 by reduction. However, the PchE enzyme does not contain a thioesterase domain and consequently this pathway is still unclear. Intermediates may be released from polyketide synthases by a mechanism baptized "leaking hosepipe" [44] ; however, this phenomenon is very rare in non-ribosomal peptide synthesis. Furthermore, how exactly the thiazole is formed via thiazoline without an oxidase in PchE is not yet clear. Besides their antimicrobial activity [1, 8] , we assume that the co-occurrence of aeruginaldehyde and aeruginol may also function as a buffer for the producing strain to avoid oxidative stress since pyochelin is an efficient catalyst for removing hydroxyl radicals [45] . Recently, it was reported that aeruginaldehyde (termed IQS) acts as a quorumsensing molecule in P. aeruginosa [32] . The thiazole structure in aeruginaldehyde and aeruginol eliminates the configurational barrier between pyochelin and enantio-pyochelin and makes them bona-fide signaling molecules for different species of Pseudomonas and Burkholderia sp.
Conclusions:
Isolation of aeruginaldehyde and derivatives has been reported from several pyochelin producing Pseudomonas sp. and Burkholderia sp. [2, 3, 30, 32] . We now report that aeruginaldehyde, as well as aeruginol, are produced by the P. protegens strain, presumably as byproducts of the enantio-pyochelin biosynthesis.
From a comparison of available chemical data of aeruginaldehyde and N-mercapto-4-formylcarbostyril [1] , we conclude that the structure of the antibiotic substance produced by P. fluorescens G308 should be corrected as 2-(2-hydroxyphenyl)thiazole-4carbaldehyde (aeruginaldehyde). Furthermore, the results of theoretical calculations are in excellent agreement with the structure of aeruginaldehyde and reject the N-mercapto-4-formylcarbostyril and related structures. These findings are in accord with the fact that N-mercapto-4-formylcarbostyril (if it exists) is too unstable to allow accumulation under normal conditions.
Experimental
Computational details: The computations were all carried out at the DFT B3LYP/6-311++G(2df,pd) level of theory using an HP ML350 workstation equipped with the Gaussian G09 suite of programs (Rev. B.01) [46] . All structures, including all conformers, were initially optimized in the absence of solvent using the opt=tight and freq=noraman options; true minima resulted in all cases as evidenced by the absence of negative frequencies. The values of G 298 were then used to evaluate the %-distribution of the different tautomers and conformers assuming that the Boltzmann equation applies. Those structures that were present with a probability higher than 2% were then used as input for further optimization in the appropriate solvent (chloroform, acetone or methanol) using the IEFPCM approach. The G 298 data resulting from these calculations were used to evaluate the distribution of conformers as in the gas phase, assuming that the Boltzmann equation applies. The magnetic shielding tensors were computed for the low energy conformers (see the supplementary information) using the GIAO approach, again treating the solvent contributions by the IEFPCM. All theoretical NMR data are given as the Boltzmann averages. However, it should be emphasized that the reason why we decided to use the rather computer expensive 6-311G basis set with polarization (2df,pd) and diffuse functions (++) included is that we are dealing with the rejection of a published Aeruginaldehyde from Pseudomonas fluorescens Natural Product Communications Vol. 9 (6) 2014 793 structure; for obvious reasons, therefore, we wanted to minimize computational errors. In routine work, simpler and less time consuming basis sets are fully adequate [16] .
Bacterial strain and media:
The Pseudomonas protegens Pf-5 gacS mutant (Tn5 insertion) and enantio-pyochelin null mutant were inoculated into 25 mL of LB medium, cultured at 28°C, 160 rpm until an O.D. value of 1.0 was reached. The culture was then spotted onto 2L plates of M9 minimal solid medium (12.8 g of Na 2 HPO 4 , 3.0 g of KH 2 PO 4 , 0.5 g of NaCl, 1.0 g of NH 4 NO 3 , 13 g of agarose, 100 μL of 1M CaCl 2 , 2 mL of 1M MgSO 4 , 10 mL of 20%, w/v, glucose, per L). The plates were incubated at 28°C for 40 h.
Compound extraction, detection and purification:
The agar was sliced into pieces and extracted with ethyl acetate overnight. The extract was collected and evaporated to dryness. The crude extract was dissolved in 1 mL of methanol and spotted on a silica plate for TLC separation and eluted with chloroform: acetic acid: ethanol 95 Figure S23 ). High resolution mass spectrometry results from QT of Micro mass spectrometer, positive ion mode (Figs. S24-S27). 1 H NMR and 13 C NMR spectra were recorded at 500 and 125 MHz, respectively, on a Bruker Avance II 500. Calibration was carried out with either TMS (tetramethylsilane) or the residual solvent signals as an internal standard.
